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A B S T R A C T
Well-log tomography, a recently developed technique that generates subhorizontal slices through log curves, was used to create a series of amplitude slices from the core permeability, core porosity, and gamma-ray log curves for the wells penetrating the Silurian Brown Niagara reservoir in the Belle River Mills field. Log-curve amplitude slicing and three-dimensional (3-D) imaging of the core permeability and core porosity amplitudes show the detailed anatomy of the pinnacle reef in terms of these important reservoir properties. Although the reef has been dolomitized, the spatial distribution of permeability and porosity amplitudes in the reservoir appears to be controlled by the original pore and depositional fabrics of the wackestone, boundstone, stromatolite, and reef conglomerate rock types.
Trends and patterns observed in the normalized gamma-ray log tomography approximate the trends and patterns observed in the core permeability and core porosity tomography in the Belle River Mills field. The similarities in the tomography trends and patterns establishes a potentially significant relationship that can be used to interpret log-curve amplitude patterns in other Niagaran pinnacle reef fields with log-curve data only and perhaps lead to improved sequence-stratigraphic models for these reservoirs.
Well-log tomography and 3-D imaging provide complementary visualization tools that use existing data to image reservoirs and geologic formations. These imaging tools can be used to improve the INTRODUCTION Well-log tomography is a technique that uses the amplitudes of standard well-log curves (i.e., gamma ray, bulk density, spontaneous potential, porosity, photoelectric effect, and water saturation, among others) to map the internal architecture of geologic formations and reservoirs. Well-log curves are routinely used to mark formation boundaries (pick tops), but the full interpretation potential of log curves has not been realized because much of their high-resolution content is generally ignored or averaged in standard subsurface interpretation practices. Well-log tomography tries to use the full information content of well-log curves to delineate the spatial distribution of various log-curve amplitude patterns. These patterns may then be used to interpret geologic formation properties and attributes, such as lithology, facies, and system tracts, in two-and three-dimensional (2-D and 3-D) space. The well-log tomography technique has been used with gamma-ray curves to map the extent of deltas in the Devonian Traverse Group in the Michigan basin ( Wylie and Huntoon, 2003) . More recently, the technique was used to map carbonate facies trends and possible system tracts using gamma-ray, bulk density, and photoelectric effect curves in the Devonian Dundee and Rogers City limestones (Le, 2004) and the Trenton and Black River formations ( Wylie and Wood, 2003) in the Michigan basin. These studies were on a basin scale and demonstrated the power of the well-log tomography technique to define internal formation sedimentary patterns and trends that would otherwise be nearly impossible to visualize using traditional techniques. These studies further demonstrated the potential of welllog tomography to aid in the definition, placement, and refinement of chronostratigraphic surfaces for subsurface correlation and mapping. These studies also showed the ability of the technique to work successfully with various vintages of well-log curve data.
The large-scale Michigan studies used approximately 180, 300, and 150 wells, distributed across the basin for the Traverse Group, Dundee Limestone, and Trenton Formation work, respectively. This study applies well-log tomography on a more limited scale to a single pinnacle reef reservoir located in the southeastern Michigan basin (Figure 1 ). This reef reservoir produces from the Silurian Brown Niagara Group (also known as the Guelph Dolomite in Ohio and Ontario; Figure 2a ; see also Catacosinos et al., 2001) . The pinnacle reefs found in this stratigraphic interval are informally termed the Brown Niagaran in the petroleum industry and are prolific reservoirs (Figure 2a , inset, informal subsurface terminology).
The Belle River Mills field was discovered in 1961 and has been well studied (Katz and Coats, 1968; Gill, 1973; 1977a, b; 1985; Balogh, 1981) . Approximately 54 wells have been drilled in the reef, and an additional 20 well penetrations are nearby. Most of these wells have gamma-ray log curves. Thirty-four wells in the field were extensively cored during the time frame of the field's original development and its conversion to a gas storage reservoir in 1965. Laboratory measurements on these cores provide approximately 6000 measurements of core permeability and core porosity in and adjacent to the reef reservoir. The excellent gamma-ray log and core data coverage in combination with the rock type and facies interpretations of Gill (1973; 1977a, b; 1985) make the Brown Niagara reservoir in this field a prime candidate for the application of well-log tomography or log-curve amplitude slicing on a limited scale. The objective of this study is twofold: (1) to see if the well-log tomography technique could be applied to a restricted number of wells at the field scale; and (2) to see if trends observed in the log and core data in the reservoir could shed new light on the internal architecture and reservoir properties of this and other pinnacle reefs. In brief, the answer to both questions was yes, there were sufficient wells to apply well-log tomography, and the technique did result in new observations on the permeability and porosity architecture of the reef. More importantly, in combination with 3-D imaging techniques, the study resulted in a type of Silurian pinnacle reef that can be used as a benchmark to study other less wellcharacterized pinnacle reefs in the Michigan basin and perhaps set a model for the application of well-log tomography and 3-D imaging to reef studies worldwide.
METHODS

Log Data
Paper copies of the well logs for the Belle River Mills field and the surrounding area were obtained from the files of Michigan Technological University and scanned to create tagged image format (tif) digital images using Neuralogk Corporation software and a 36-in. (91-cm) black-and-white scanner. The Neuralog software was then used to digitize the gamma-ray log curves for each well. Log ASCII Standard 2.0 (LAS) files were output from the Neuralog software to use in well-log tomography and cross sections. (Most wells in the Belle River Mills field also have laterolog and neutron count log curves, and a few wells have nonlinear-scale bulk density or sonic log curves, but these log-curve types have not been incorporated into the present study because of probable measurement affects caused by gas, lithology, and/or mud salinity.)
Gamma-Ray Curve Normalization
Well-log curves need to be normalized to eliminate variability because of log tool types, log tool sensitivity, or log calibration between wells over time (see Neinast and Knox, 1974; Shier, 1997; Collins, 1998) , and this is especially important for the narrow range of gammaray amplitudes found in the carbonate and evaporite rock types in the Belle River Mills field. Histograms Gill (1977a) and reprinted with the permission of the Michigan Basin Geological Society. Average rock unit thicknesses and thickness ranges are shown in meters. Gill's subsurface nomenclature is followed in the text.
were created using Golden Software Grapher 3k software, and means and standard deviations were computed for each of the 74 gamma-ray log curves using the bottom 30.5 m (100 ft) of the Salina B salt (Figure 2a ; all wells penetrate this unit) to check for tool calibration errors and operator and tool vintage errors, and to low-side normalize the gamma-ray curves. Gamma-ray log curves from a group of wells were then selected (qualitatively) where the means and standard deviations for the Salina B salt interval were very similar and then used to create a composite, type histogram to normalize the remaining log curves that were deemed in error or in need of correction. Ten wells needed to have their gamma-ray curve shifted to the mean of the type histogram because their mean was outside one standard deviation of the type histogram. One well could not be corrected and was removed from the data set. A high-side gamma ray normalization was attempted using the Salina C shale (Figure 2a ) but was abandoned as unnecessary after reviewing preliminary statistics.
Core Data
Paper copies of core analysis reports for the 34 cored wells in the Belle River Mills field and the vicinity were obtained from the Western Michigan University Core Repository through an exhaustive search of their files. Most of the core was analyzed using the whole core method, but some plugs were used especially through broken core intervals. A spreadsheet was created for each well, and the permeability, permeability at 90j, porosity, water and oil saturation, and grain density (where available) measurements were entered into the spreadsheet. A 0.3-m (1-ft) sample increment was used for the core data, and samples at tenths of feet were moved to the nearest whole depth increment without losing samples. The null value (À 999.2500) was used to denote missing samples or samples that were not analyzed. The maximum permeability reported was 7000 md because of equipment measurement limits; 0.01 md was used for all permeability measurements reported as less than 0.01 md. Trace oil saturation percentages in the original core report were assigned a value of 0.1% for the oil saturation. The core data were then converted to LAS files for use with cross sections and separately loaded to a standard query language (SQL) database for the creation of well-log tomography animations and for the data preparation for 3-D visualization.
Well-Log Tomography and 3-D Imaging
Well-log tomography, also known as log-curve amplitude slicing ( Wylie, 2002; Wylie and Huntoon, 2003) , is a form of tomography that uses the full vertical resolution of geophysical well-log curves. Amplitude slices represent approximate time lines when the interval under analysis is bounded by unconformities or other chronostratigraphic surfaces, and the resultant amplitude slices and maps can show patterns and trends related to the distribution of lithofacies at the time of deposition. Computer animation allows the visualization of changes in the distribution of amplitudes or lithofacies between successive slices or time lines. The distribution of other reservoir properties and measurements, including core porosity, core permeability, bulk density, and photoelectric effect, can also be visualized using the technique. The software used to create the tomography animations is partly commercial (Golden Software Surfer 8k, used for gridding and contouring) and partly written in-house (Visual Basic program).
To constrain the minimum curvature gridding algorithm (x-grid spacing 11.6 m [38 ft] and y-grid spacing 15.8 m [52 ft]) that was used to contour the gamma ray and core permeability and porosity amplitude slices, the Belle River Mills field boundary was considered as a series of pseudowells equal to zero gamma-ray amplitude (and subsequently zero core permeability and zero porosity). This provided a realistic limit for the gridding algorithm based on the geology, likely reservoir properties, approximate log responses, and extent of the reef; any amplitude value may be used for the pseudowells. In terms of acreage, the areal extent of the reef shrinks from roughly 304 to 100 ha (760 to 250 ac) from base to top, but a constant area and outline based on Gill's (1977a) biohermal boundary is used for all log and core tomography.
Rockware's Rockworks2002k suite of software (version 3.5.23) that is capable of excellent 3-D manipulation, visualization, and animations was used for 3-D imaging. The key step with the software is the data preparation or data processing to place the various types of data (i.e., logs, tops, locations, etc.) into the required formats for loading into the program. An in-house routine has been developed whereby the well and log data are first manipulated in an SQL database and then used to populate the 3-D program's spreadsheet loader; however, when file length exceeds spreadsheet limits, a series of ASCII text files must be used to load the data into the program. Drawbacks to the program are that all data must be reloaded each time new data are added to a project, and the 3-D visualization module of the program performs slowly when 0.3-m (1-ft) sample increment log data are loaded for an entire project; a subset must be used to decrease the processing and redraw times.
GEOLOGIC SETTING OF THE NIAGARA GROUP
The intracratonic Michigan basin is located in North America in the north-central part of the United States ( Figure 1 ). The basin occupies roughly 207,000 km 2 (80,000 mi 2 ) over parts of the states of Michigan, Wisconsin, Ohio, Indiana, Illinois, and the province of Ontario, Canada (Catacosinos et al., 1991) . The sedimentary section in the basin consists primarily of Paleozoic marine carbonates, evaporites, and siliciclastics of Cambrian to Pennsylvanian age ( Figure 2a ). The principal structural trends in the basin, faults and fold axes, are oriented northwest-southeast and are believed to have been last active during the Pennsylvanian Alleghenian-Hercynian orogeny (Beaumont et al., 1988; Catacosinos et al., 1991) . Arches surround and separate the basin from adjacent areas ( Figure 1 ). The basin has produced hydrocarbons for more than 100 yr and has produced in excess of 1.2 billion bbl of oil and 5.8 tcf of gas.
Silurian Stratigraphy
Extensive carbonate and evaporite deposition occurred during the middle to Late Silurian when the Michigan basin moved from less than 30jS to approximately 20jS of the equator (Scotese et al., 1979; Droste and Shaver, 1983; Van der Voo, 1988) . The general stratigraphic nomenclature for the Silurian in the Michigan basin is shown in Figure 2a and b and more recently in Catacosinos et al. (2001) . During the middle Silurian Niagaran, the basin is typically divided into three depositional settings ( Figure 3 ): (1) a shallow, basin-edge carbonate bank facies comprised of reef limestone, backreef lagoonal deposits, and patch reefs; (2) a gently sloping shelf facies, which includes the pinnacle reef belt and inter-reef micritic limestones; and (3) a basinal facies, with thinner deposits of dense, micritic, argillaceous limestones generally considered as the source rocks for the hydrocarbons in the reef reservoirs (Mantek, 1973; Budros, 1974; Budros and Briggs, 1977; Gill, 1977a, b; 1979; Gardner and Bray, 1984; Friedman and Kopaska-Merkel, 1991; Leibold, 1992; Obermeyer et al., 2000) . The Upper Silurian Salina Group formations lap out against and overlie the Brown Niagara pinnacle reefs (refer to Figure 2a , b). The cyclically deposited evaporites and capping carbonates of the Salina Group represent sediments deposited in a hypersaline environment during the initial stages of a major cratonscale regression in the Late Silurian (Sloss, 1963 (Sloss, , 1969 (Sloss, , 1982 Sonnenfeld and Al-Aasm, 1991 ). The precise temporal relationship of the Salina and underlying Niagara Group is unclear and may vary along the basin margins. Some workers postulate that the two units are partly contemporaneous, whereas others conclude Brown Niagara deposition ended before the deposition of the Salina Group (Kesling, 1974; Mesolella et al., 1974; Droste and Shaver, 1977; Huh et al., 1977; Gill, 1979; Lucia, 1979, 1980; Charbonneau, 1990; Leibold, 1992) . Gill (1977a) presented a concise picture of the Niagara and Salina stratigraphic relationships in the Belle River Mills field ( Figure 2b ) that can be generally applied to pinnacle reefs in most areas of the Michigan basin and that will be used in this paper. One chronostratigraphic surface was used to apply well-log tomography (Figure 4 ), the base of the reef or estimated base of the reef as determined by the correlations of Gill (1977a) . The base of the reef is picked at the top of the Gray Niagara (informal usage) or the Guelph Dolomite (Figure 2a, b) and is used to establish one approximate time surface. Bottom-up slicing is then applied to visualize the distribution of any particular log curve amplitude or other regularly sampled reservoir property such as core permeability or core porosity (Figure 4 ). The base of the reef surface may represent a transitional contact below or proximal to a pinnacle reef (Gill, 1977a) and is interpreted here to possibly represent a condensed section between pinnacle reefs and in the basinal facies area of the Michigan portion of the basin. In Ontario, this surface may represent a karsted exposure surface (Charbonneau, 1990) .
Niagaran Pinnacle Reef Reservoir Properties
Middle Silurian carbonates have produced in excess of 467 million bbl of oil and 2.7 tcf of gas (Caughlin et al., 1976; Aminian, 1982; Michigan Department of Environmental Quality, 2004 ) from more than 1000 individual pinnacle reef reservoirs in the Michigan basin (Figure 3 ). Many more nonproductive pinnacle reefs are known that have salt and anhydrite plugged porosity or that are barren of hydrocarbons. Pinnacle reef reservoirs commonly recover 15-35% of the original hydrocarbons in place during primary recovery and, based on 55 waterflood projects, may recover an additional 20% of the original hydrocarbons in place by secondary recovery practices (Brock, 1995) and the proper placement of deviated and horizontal wells to reach undrained reservoir compartments (Pearce et al., 2003) . Key reservoir properties of pinnacle reefs are shown in Table 1 .
BELLE RIVER MILLS FIELD
The Belle River Mills field covers an area of about 304 ha (760 ac) and was discovered in 1961 ( Figure 5 ). The field produced more than 21 bcf of gas from 30 wells before conversion to a gas storage field in 1965. Gross distribution of reservoir facies and porosity zones in this Niagaran reef has been described in detail by Gill (1973 Gill ( , 1977a ) based on logs and cores. Belle River is currently operated by Michigan Consolidated Gas Company and has 47 bcf of working gas capacity and 29 bcf of base gas (Michigan Public Service Commission, 2004) . All wells in the field area are vertical except for one highly deviated well, the Belle River Mills ( BRM) 13HD-1 ( permit number 53810, section 11 ), drilled in June 2000 (gray well path, Figure 5 ). This well was not used in the modeling because no well log was available.
A generalized stratigraphic cross section showing rock unit correlations and rock types in the Belle River Mills reef (after Gill, 1977a ) is shown in Figure 6 . Gill (1973 Gill ( , 1977a used petrography, slabbed cores, and well logs from the wells in and adjacent to the field to separate the Brown Niagara (Guelph Dolomite) into four informal members. From oldest to youngest, these members are the Belle River Mills skeletal wackestone member, the Belle River Mills boundstone member, the Belle River Mills stromatolite member, and the Belle River Mills conglomerate member; Gill further subdivided the Brown Niagara in the field into 13 lithofacies and 25 lithotypes based on interpretation of the slabbed cores. Gill interpreted the wackestone, boundstone, and stromatolite members to represent distinct successive growth stages of biohermal mound, organic reef, and a supratidal (island) complex, respectively. The conglomerate member represents contemporaneous reef-derived rubble from the boundstone and stromatolite. The analysis of the Belle River Mills field presented in this paper will use the wackestone, boundstone, stromatolite, and conglomerate stratigraphic nomenclature defined by Gill (1973 Gill ( , 1977a .
Gamma-Ray Log Curves
The stratigraphic cross section in Figure 6 shows the gamma-ray logs in two wells: one from the center of the Belle River Mills reef and one from an off-reef position. The Guelph Dolomite (Lockport Dolomite) or Gray Niagara top defines the base of the reef. The reef is divided vertically into biohermal (wackestone), organic (boundstone), and supratidal (stromatolite) rock types or stages based on Gill's (1977a Gill's ( , 1979 core descriptions and formation tops. The cross section shows the change in the character of the gamma-ray curve Figure 4 . Conceptual cross section showing bottom-up well-log tomography applied to gamma-ray logs for four wells through a pinnacle reef. An actual two-well cross section through the Belle River Mills field is shown in Figure 6 . Gamma-ray scale is 0 (on left) to 150j API (on right). Gamma-ray curves are shaded where the response is greater than 40j API. Two correlative surfaces are shown, the base of the pinnacle reef or base Brown Niagaran/top Lockport Dolomite and the top of the reef or top Brown Niagara/base Salina Group. Slicing the gamma-ray, core permeability, and core porosity curves upward produces a series of amplitude slices that can be used to infer reef architecture and reservoir trends. Only every 20th upward slice is shown for clarity.
from reef to nonreef and through the superadjacent Salina. The cross section also shows the conglomerate member and lower Salina Group units lapping out against the flank of the reef. (The horizontal lines through the figure represent the locations of the four bottom-up amplitude slices through the core permeability, core porosity, and gamma-ray curves shown in subsequent figures.) Figure 5 . Figure 6 ) is also shown. North is toward the top of the map. Numbers are section numbers, and gray lines are section boundaries.
The normalized gamma-ray curve amplitudes for all wells were subdivided and grouped into eight rock units: wackestone, boundstone, stromatolite, conglomerate, A1 carbonate, A2 evaporite, A2 carbonate, and off-reef Brown Niagara (Figure 7 ; refer to Figures 2b, 6 ). Histograms were created of the distribution of the normalized gamma-ray amplitudes for each of these eight rock units (Figure 7) . The histograms show that the average gamma-ray amplitudes of the wackestone, boundstone, and A2 evaporite are very similar (9.4, 10.3, and 9.0j API, respectively), and that these units have narrow ranges of gamma-ray amplitudes. The average gamma-ray amplitudes of the reef conglomerate (16.6j API) and the off-reef Brown Niagaran (17.1j API) are also similar but with larger amplitude ranges. The average gamma-ray amplitude of the stromatolite is 21.2j API with a large range, but the log-curve profile as seen in detailed cross sections varies vertically through the rock unit most likely because of depositional and diagenetic effects (Gill, 1977a) . The average gamma-ray amplitude of the A2 carbonate is 23.8j API.
Core Permeability and Core Porosity
Thirty-one of the 54 wells in the field were continuously cored through the Niagaran reef, the A-1 carbonate-anhydrite and/or the reef conglomerate. The cores were laboratory analyzed to produce more than 6000 measurements of air permeability and helium porosity; the core permeability measurements are not Figure 6 . Generalized stratigraphic cross section of the Belle River Mills reef using the base of the Brown Niagara or top of Lockport Dolomite as the datum. Gamma-ray log curves are shown for two wells, one well through the reef and one well through the Salina units and flanking reef conglomerate. Salina evaporite and carbonate units encase and seal the reef. The approximate location of four amplitude slices discussed in the text and in Figure 13 is also shown. The base of the reef is used as the time line for bottom-up welllog tomography. Depth scale on the logs is feet, measured depth. The gamma-ray log scale is 0-60j API from left to right. These formation tops were used to define the stratigraphy in the 3-D imaging.
Klinkenberg corrected, and the core porosity measurements are not overburden corrected.
Core permeability vs. core porosity crossplots by rock type and core permeability and core porosity histograms by rock type are shown in Figures 8 and 9 . Core permeability measurements range from 0 to 7 d, with both the low and high values affected by equipment measurement limits; 50% of the permeability measurements are less than 2 md, whereas 40% range from 2 to 100 md. Core porosity ranges from 0 to 33%; 15% of the porosity measurements are less than 2%, whereas 83% range from 2 to 20%. No apparent relationship exists between the core permeability and core porosity by rock type based on the trends of the data posted in the crossplots shown in Figure 8 . Core porosity averages fall into a narrow range from 9.4 to 10.7% based on the histograms shown in Figure 9 . Arithmetic core permeability averages (Figure 9 ) vary by rock type, with the boundstone rock type having the highest overall average permeability of 260 md. The wackestone has an average permeability of 78 md, and the stromatolite rock type has an average permeability of 11 md. The reef conglomerate has a permeability average of 48 md. ( Vertical permeability measurements were available in only one well and showed the vertical permeability to be heterogeneous and at least an order of magnitude less than the horizontal permeabilities.) Permeability visualization is difficult because of the great range in permeability values typically measured Figure 7 . Normalized gamma-ray curve amplitude ranges and averages for reef and nonreef rock units. The number in parenthesis below each average is the number of normalized gamma-ray amplitude samples plotted in each histogram. Scale of histograms is 0-60j API. Vertical line through each histogram is the average gamma-ray amplitude for that rock type. The wackestone and boundstone have similar gamma-ray averages and ranges in contrast to the stromatolite and conglomerate.
in reservoirs and especially in carbonate reservoirs. To visualize the permeability trends in the Belle River Mills field, it was necessary to first study the distribution of the permeability values. Cumulative percent plots were constructed for all the permeability values and for each rock type (Figure 10a, b) . Approximately 50% of the permeability measurements were 10 md or greater. Based on the cumulative percent plots, it was decided (qualitatively) that if the reservoir rock had a measured permeability of greater than 30 md, it would be considered excellent reservoir rock, and the core permeability values higher than 30 md would be reset to 30 md.
This had the effect of reducing the range of permeability measurements and facilitated imaging of the data using well-log tomography and 3-D visualization; approximately 1500 permeability measurements with a value greater than 30 md were reset to 30 md.
Cumulative percent plots of porosity were also constructed for all porosity values and for each rock type (Figure 11a, b) . These plots clearly show the narrow range of porosity in the reservoir, and that the four rock types have very similar ranges of porosity. Modifications were not applied to the porosity data for welllog tomography or 3-D visualization. Figure 8 . Core permeability vs. core porosity for four rock types (after Gill, 1977a) in the Belle River Mills field; n represents number of samples for each rock type. Clear trends are not apparent in the crossplots.
WELL-LOG TOMOGRAPHY: RESULTS AND DISCUSSION
Using the bottom-up well-log tomography slicing technique, 500 slice animations of core permeability, core porosity, and gamma-ray amplitude were created through the Belle River Mills field. Core permeability slice 175 is shown in Figure 12 to orient the reader to upcoming figures. Slice 175 is located 53.3 m (175 ft) above the base of the reef (note that the horizontal bar on the right of the figure next to the core permeability curve shows the location of the slice relative to a schematic cross section of the reef ). The slice shows two areas of high permeability (red and yellow colors) separated by an area of lower permeability ( blue color) in midreef. The use of pseudowells or a zero-permeability reservoir outline (the outline was taken from Gill, 1977a, p. 78; [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] to constrain the minimum curvature gridding algorithm enhances the visualization of the trends in the core permeability and produces a symmetric appearance around the edges of the field; by comparison, if the gridding is not constrained by a zeropermeability outline, the trends in the permeability data are still apparent, but the gridding algorithm produces significant contour spool-ups around the edges of the map because of the lack of consistent edge data points. We consider it reasonable to use a zero-permeability outline for Niagara reef reservoirs to constrain the gridding and imaging because these reefs are commonly encased by low-or zero-permeability evaporites and carbonates. However, some operators in the Michigan basin have reported high reservoir permeabilities to the very edge or skin of these reefs, and some reefs have been reported to have tight cores plugged by salt or Figure 9 . Rock type histograms of the core porosity and core permeability for the Belle River Mills field. Number of samples in histogram is shown in parenthesis below arithmetic averages. Scale of porosity histograms is 0 -35%. Scale of permeability histograms is 0 -100 md; numbers in brackets are number of samples of permeability higher than 100 md or in the range 100 -7000 md.
anhydrite and surrounded by permeable rims that comprise the reservoir.
Four representative core permeability slices are shown in Figure 13 (left images); full animations for Figure 13 are available on the AAPG Web site in Datashare 18 at < www.aapg.org/datashare/index .html > (left images). These slices are map view images of the distribution of permeability in the wackestone at 38.1 m (125 ft) above the base of the reef, in the boundstone 61 and 76.2 m (200 and 250 ft) above the base of the reef, and in the basal stromatolite at 98.8 m (324 ft) above the base of the reef. The patterns in these four slices show three to four centers of permeability that are likely related to the original depositional fabric of the carbonate rocks. These centers of permeability most probably represent individual biohermal mounds and carbonate boundstone reefs that coalesced to form what is called the Belle River Mills field. These four slices, as well as the full tomography animation (viewable on the www .aapg.org Web site using Datashare), further indicate that the permeability is very heterogeneous, varying both vertically and horizontally in the reef reservoir (also refer to Gill, 1970) . Later dolomitization of the original rock types of the Niagaran reef was apparently insufficient to completely eliminate the original depositional, rock, and pore fabrics. In contrast, diagenetic processes control the permeability distribution in the dolomitized Leduc carbonate buildups in the deep Alberta basin of Canada (Mountjoy and Marquez, 1997) .
The distribution of core porosity in the Belle River Mills field is also shown in Figure 13 (center images). These slices are map view images of the distribution of permeability in the wackestone at 38.1 m (125 ft) above the base of the reef, in the boundstone 61 and 76.2 m (200 and 250 ft) above the base of the reef, and in the basal stromatolite at 98.8 m (324 ft) above the base of the reef; a zero-porosity outline was used to constrain gridding. These porosity slices are at the same levels in the reef as the permeability slices shown on the left in Figure 13 and, therefore, can be used to compare the distribution of porosity relative to the distribution of permeability in the reef. The patterns in the slices show three to four centers of porosity in the four images. At the scale of the whole Belle River Mills field, these centers of porosity correspond to the centers of permeability and serve to reinforce the interpretation that the field is composed of individual carbonate mounds and boundstone reefs that coalesced. At a smaller scale, it is apparent that there are areas with high porosity and low permeability (for example, compare porosity and permeability slice 125 in Figure 13 ). Other areas of the reef have both high porosity and high permeability (for example, compare porosity and permeability slice 250 in Figure 13 ). The full porosity slice animation is viewable on the www.aapg.org Web site using Datashare.
The rightmost slices in Figure 13 show the contoured amplitude of the normalized gamma-ray curve in the wackestone, boundstone, and basal stromatolite at the same levels above the reef base as shown in the core permeability and core porosity amplitude slices.
The four gamma-ray amplitude slices contain significantly more data control points because the gamma-ray curve is available in almost all wells in and adjacent to the Belle River Mills field. A zero gamma-ray boundary was used to constrain the gridding algorithm to compare these four slices with the permeability and porosity slices. Clearly, the gamma-ray amplitude in wells outside the boundary of the reef is not zero, but the stratigraphy does change from the thick Brown Niagara of the pinnacle reef to the much thinner regional Brown Niagara in off-reef positions (5 -20j API is the gamma-ray range of the off-reef Brown Niagara); using a gamma-ray boundary value of 5 or 10j API would decrease the apparent amplitude transition near the edge of the reef. The greater density of control Figure 12 . Log curve amplitude slice number 175 from the core permeability slicing. Slice 175 is 53.3 m (175 ft) above the base of the reef and is located in the boundstone. A zero-permeability outline based on the limit of Gill's wackestone or biohermal rock type is used to constrain the gridding of each slice and to prevent gridding edge effects. Slice 175 is shown relative to the permeability curve and the general reef stratigraphy on the right. Large white dots are data control points on each slice, and small white dots are other well penetrations. The red square shows the location of well 23672 that is used as a representative core permeability curve. Contour interval for the permeability amplitudes is 4 md. points in the gamma-ray slices allows for more detailed patterns to be recognized in the gridding of the gamma-ray amplitudes. It is unclear at this time exactly what the variation in the gamma-ray amplitudes from well to well means. One possible explanation is that the patterns in the slices could represent a central lagoon (blues) ringed by shoals or small islands (for example, slice 324, yellows and oranges). Some Middle Devonian Keg River and Muskeg reefs in the western Canadian basin also display a peripheral reef rim surrounding a central lagoon (Schmidt et al., 1985) . The higher gamma-ray amplitudes could represent original depositional variations and/or early diagenetic effects related to the water table typical of this type of environmental setting (i.e., burrowed mudstone and algal flats; vadose effects) and described in the literature as occurring in the stromatolite rock type of the pinnacle reefs by Gill (1977a) and other authors (Mantek, 1973; Huh et al., 1977; Charbonneau, 1990) . Subsequent dolomitization of the reef did not completely eliminate these primary and early diagenetic variations.
The patterns apparent in the gamma-ray amplitude slice sequence in Figure 13 (and in the full animations viewable on the www.aapg.org Web site using Datashare) could also indicate that a small increase in water depth (slice 125 to slice 200; refer to Figure 6 ) occurred during the time of deposition of these rock types. This slight deepening resulted in the change from wackestone to boundstone rock type and the change from higher gamma-ray amplitudes (yellows, slice 125) to lower gamma-ray amplitudes (mostly blue, slices 200 and 250). Gill (1977a) postulated that subsidence and carbonate production rates were important factors in the change from wackestone to boundstone.
The comparison between the core permeability, core porosity, and gamma-ray amplitude slices shown in Figure 13 is presented to demonstrate the similarity in the patterns observed in the contoured amplitudes of these three data types. Slice 125 shows a close parallelism between the distribution of core permeability amplitudes and the distribution of core porosity amplitudes at this level in the reef. In contrast, slice 324 shows much lower core permeability amplitudes (less than 4 md) in the northern part of the reef where the core porosity amplitudes remain above 8%. Three to five permeability and porosity centers or amplitude patterns representing centers of carbonate mound and/or reef growth may also be observed in the individual slices and slice animations. Comparing the patterns from the core permeability and core porosity slices with the gamma-ray amplitudes for slice 324 (stromatolite) shows that the best permeability and porosity is located in the central or lagoon area ( blues, low gamma ray, cleaner) of the coalesced reefs based on using the higher gamma-ray amplitudes as an indicator of shoaling and emergence. Gill (1977a) suggested that either the boundstone reef grew to reach the water surface, transitioning to shoals and/or islands (stromatolite rock type), or that the water depth decreased, or a combination of reef growth and a decrease in water depth occurred.
3-D IMAGING: RESULTS AND DISCUSSION
To fully image the distribution of core permeability and core porosity in the Belle River Mills field, it was necessary to view the core and log curve data in 3-D space. Permeability measurements greater than 30 md were also reset to 30 md for the 3-D imaging to improve gridding and visualization results by creating a narrower range for the core permeability data (refer to Figure 10a, b) . Using the 3-D visualization module Figure 13 . Comparison of four bottom-up core permeability, core porosity, and gamma-ray slices from the wackestone, boundstone, and basal stromatolite in the Belle River Mills field (refer to Figure 6 for approximate slice locations). Note the permeability and porosity amplitude trends are approximately equivalent to the trends observed in the gamma-ray amplitudes. This is an important observation and is significant in that it means that the log-curve amplitude slicing of the gamma-ray curves may only be able to be used to visualize the approximate distribution of permeability and porosity in reefs without core data (most Niagara reef wells have at least a gamma-ray log curve) by using the data from this benchmark reef. The permeability slice data range is 0 -30 md with values greater than 30 md reset to 30 md. The contour interval for each slice is 4 md. The porosity slice data range is 0-36%. The contour interval for each slice is 4%. The data range for each gamma-ray slice is 0 -40j API. The contour interval is 5j API. All wells in the field have gamma-ray curves through the reef. Gray lines are section boundaries, and gray numbers are section numbers. North is toward the top of the slices. Large white dots are data control points on each slice, and small white dots are other well penetrations. Slice numbers or elevation in feet above the reef base are displayed in yellow below the vertical scale bar. Animations of this figure are available in Datashare 18 at the AAPG Web site at www.aapg.org/datashare/index.html. .8 m (6 ft) in the z direction. Blue wellbore is deviated well (refer to Figure 5 ). An animation of this figure is available in Datashare 18 at the AAPG Web site at www.aapg.org /datashare/index.html.
of the Rockware Rockworks2002 software package allowed the full imaging of these data for the reef. After testing various model resolutions and gridding algorithms, it was determined that the voxels (minimum box-shaped volume elements in 3-D space) in the model would measure approximately 30.5 m (100 ft) in the x and y directions and 1.5 m (5 ft) in the z direction; this resulted in the most realistic appearing reef models. Smaller (finer) voxels resulted in models appearing voxelated and pixelated, whereas larger (coarser) voxels did not provide sufficient resolution. An anisotropic inverse-distance 3-D gridding algorithm was used to generate final models; this algorithm assigns a voxel node value based on the weighted average of neighboring octants around each data point. The 3-D imaging software allows any voxel range or value of core permeability to be displayed or turned on or off. The inflection point in the core permeability and porosity cumulative frequency plots and the cumulative frequency curve slopes were used as guides to iterate through more than 50 visualizations or combinations of ranges of the core permeability and/or porosity to view continuity and connectivity of these reservoir rock properties. Gill (1970) presented two average core permeability cross sections and several average isopleth maps of core permeability distribution for the Belle River Mills field as an example of his statistical zonation method, and trends in these isopleth maps have similarities to the 3-D imaging presented here.
A visualization of the Belle River Mills field that can be conveniently described as a glass reef is shown in an animation of Figure 14 , which is available at the AAPG Web site in Datashare 18 at <www.aapg.org /datashare/index.html>. It is constructed using the core permeability voxels greater than 25 md, stratigraphy cylinders (three rock types in blues-wackestone, boundstone, and stromatolite; and one rock type in greenreef conglomerate plus the brown nonreef Brown Niagara (NRGNB), cored intervals in wells with cores (red cylinders paralleling rock type cylinders), and the top reef structure surface (transparent gray surface of reef). What is apparent in this display is that very little of the permeability greater than 25 md is contained within the stromatolite rock type, and most of the connected porosity in the reservoir is located in the upper wackestone and lower boundstone.
Core permeability and perforated interval cylinders for each well are shown in an animation of Figure 15 , which is available at the AAPG Web site in Datashare 18 at <www.aapg.org/datashare/index.html>. The purple cylinders along each well path represent the original perforation intervals or completion intervals from the public records for the wells in the Belle River Mills field. In this model, permeability voxels 20 md and greater are shown using the yellow and green colors; most of the permeability voxels higher than 25 md are obscured or behind the yellow and green voxels (refer to Figure 14) . Apparent in this figure is the large interval perforated or open in each of the wellbores in the reef relative to the location of reservoir rock with permeability 20 md and greater. The large perforated interval in these wells relative to the best permeability could impact the productivity and/or injectivity of this reef, whether for primary, secondary, enhanced recovery, or gas storage efforts.
To visualize the location and distribution of the best permeability (25 md and greater) and the best porosity (greater than 13%) in the reservoir, 3-D models were created where these two different types of data could be displayed simultaneously. The porosity voxels greater than 13% were highlighted in red only along their edges, and the permeability voxels 25 md and greater were displayed using a solid green color for the voxel. An animation of Figure 16 that is available at the AAPG Web site in Datashare 18 at < www.aapg.org/datashare/index.html > highlights the relationship between the permeability, porosity, and the four rock types in the reef. Obvious in the figure is the high-porosity and low-permeability zone in the northern part of the field that is predominantly composed of the boundstone rock type. This area of the reef reservoir is composed of mostly moldic-type porosity (Gill, 1977a) . In some areas of the reef, highpermeability reservoir is coincident with high-porosity reservoir, whereas in other areas of the reef, highpermeability reservoir is coincident with reservoir porosity below 8% (no red voxels). The best permeability and porosity are not always coincident, a conclusion that could be interpreted from the crossplots shown in Figure 7 but not apparent until the data are visualized in 3-D space. Variations in pore type and rock fabric relative to the original carbonate facies are the most likely reason for the poor relationship between permeability and porosity in the reef. Superimposing Gill's 13 lithofacies and 25 lithotypes on the 3-D model would provide more detailed insights into carbonate rock fabric and pore type control on the distribution of permeability and porosity in the Belle River Mills field. However, most Niagaran reef reservoirs do not have the core coverage necessary to determine the detailed distribution of rock types based principally on cores. More importantly, the core data in Belle River Mills shows that the permeability-porosity relationship is not one-for-one or even linear in these reef reservoirs but rather spatially controlled by primary carbonate rock and/or pore type.
Log curves must be used in most oil and gas fields to infer and correlate rock types. Relationships established in the Belle River Mills field (or other data-rich reservoirs) between the distribution of core permeability and porosity and gamma-ray amplitude based on welllog tomography and 3-D imaging may provide a simple, new methodology, using low-cost software for discerning and visualizing the likely distribution of carbonate rock and pore types in these and other reservoirs. Knowing the likely distribution and location (interpreted from log curve amplitude images) of the best permeability and/or porosity in these fields could be an important factor in their economic performance as oil, gas, and storage reservoirs.
CONCLUSIONS
Well-log tomography was used to create a series of amplitude slices from the core permeability and core porosity curves in the Belle River Mills field. Animations of the permeability and porosity slices show the detailed distribution of these important reservoir properties throughout most of the pinnacle reef. Integration of the core porosity and core permeability animations with animations of the gamma-ray curve and Gill's (1977a) rock types and formation tops produces detailed log-curve amplitude images and 3-D reservoir models that can be used to estimate the likely distributions of permeability and porosity for the entire Belle River Mills field. Similarities in the amplitude trends between the core permeability and porosity and the gamma ray may provide a new interpretation tool that can be used to visualize and interpret patterns in log-curve amplitudes in other pinnacle reef fields as well as other carbonate reservoirs when core permeability and porosity measurements are not available. Figure 15 . Belle River Mills 3-D reef presentation, showing permeability voxels 20 md and greater (yellow and orange), original perforated intervals (purple), and transparent crestal reef structure surface. The color scale on the left is core permeability from 0 to 30 md. View is looking directly west. Note the great thickness of perforations relative to the best permeability trends in the reservoir. The location of the perforations relative to the best permeability could impact primary, secondary, and enhanced recovery efforts as well as gas storage operations. Vertical exaggeration is 10Â. Voxel resolution is approximately 35.1 m (115 ft) in the x and y directions and 1.8 m (6 ft) in the z direction. Inclined purple wellbore is deviated well (refer to Figure 5 ). Animations for these figures are available in Datashare 18 at the AAPG Web site at www.aapg.org/datashare/index.html. Figure 16 . Belle River Mills 3-D reef presentation, showing permeability voxels 25 md and greater (green), porosity voxels 13% and greater (red), rock types (blues and green), and transparent crestal reef structure surface. View is looking northwest, 30j above horizontal. The best permeability and porosity is located in the upper wackestone (dark blue, lower reef) and lower boundstone (light blue, midreef) rock types. The stromatolite rock type (medium blue, upper reef) generally has poorer quality permeability and porosity. Storage and deliverability capacities of this gas storage reservoir could be optimized using this type of 3-D visualization analysis. Vertical exaggeration is 10Â. The deviated well (refer to Figure 5 ) was removed from this presentation.
